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Abstract
Within the framework of a European BRITE EURAM
project, several partners work together to evaluate and
analyse “tensor skin” panels. Tensor skin panels are
designed to improve the crashworthiness of composite
helicopters  in  case  of  impact  on  water,  by  providing
a  quasi-plastic  deformation  behaviour.   Tensor  skin
panels were designed, fabricated and tested as well as
several equivalent conventional honeycomb core sand-
wich panels with identical face sheets. The panels were
tested in static transverse load, static in-plane shear
and at dynamic transverse impact.
This paper presents the panel configurations, the test
conditions and the test results as well as the numerical
simulation of these tests.
1. Introduction
When a helicopter crashes on solid soil, impact energy
can be absorbed by the landing gear, the subfloor
structure and the seats. The combination of these
energy absorbing components leads to a reduced
loading on the occupant. In case of impact on water,
the landing gear is expected to be less efficient in
absorbing energy because it cuts into the water. The
bottom skin hits the water and large transverse pressure
loads are exerted by the water surface on the helicopter
bottom  skin.  In  such  a  case,  metal  skin  panels  tend
to  rack along the rivet lines with large plastic de-
formations. Controversial composite sandwich panels
fail by the large transverse pressure loads, because of
their brittle nature and no load is transferred to the
subfloor structure, which is designed to absorb energy.
All the energy has to be absorbed by the seats. In this
case the occupant is subjected to large forces, reducing
the survivability.
To improve the crashworthiness of composite
helicopters in case of impact on water, a “tensor skin”
concept was developed at NLR. Skin panels based on
the tensor skin concept behave more like metal panels
as they show a capability to deform (indent) in a quasi-
plastic mode. When the tensor skin concept is applied
to the bottom skin panels of a helicopter, a capability is
created to sustain the water pressure load and to trans-
fer the loads to the substructure. By loading the
substructure this can absorb the energy in the crushing
mode for which it is designed (Figure 1).
2. Tensor Skin Concept
Figure 2 presents a cross section of a tensor skin panel.
A practical application of this concept was found as a
replacement of a standard honeycomb sandwich panel.
In the tensor skin panel, polyethylene (PE)/epoxy layers
form a corrugated core, while the face sheets are formed
by conventional fibre reinforced carbon or aramid epoxy
material.
The capability of the tensor concept to deform in a
plastic mode is achieved by unfolding and stretching
of the polyethylene layers in the corrugated core during
Design, Test and Analysis of Tensor Skin Panels for
 improved Crashworthiness in case of Water Impact
by
A.L.P.J. Michielsen, J.F.M. Wiggenraad, L.C. Ubels, R.H.W.M. Frijns
National Aerospace Laboratory NLR
PO BOX 90502, 1006 BM Amsterdam, The Netherlands
D. Kohlgrüber
German Aerospace Center, Stuttgart, Germany
G. Labeas
University of Patras, Greece
 M.A. McCarthy
University of Limerick, Ireland
TEST AND VERIFICATION EQUIPMENT FOR THE
ATTITUDE & ORBIT CONTROL SYSTEM OF THE XMM SATELLITE
by
H.A. van Ingen Schenau, L.C.J. van Rijn, J. Spaa
National Aerospace Laboratory NLR
P.O. Box 153, 8300 AD Emmeloord, The Netherlands
Tel. +31 527 248 218; Fax: +31 527 248 210
E-mail: ingen@nlr.nl; lvrijn@nlr.nl; spaa@nlr.nl
ABSTRACT
The National Aerospace Laboratory NLR in the
Netherlands has developed a new generation of Test
and Verification Equipment (TVE) for testing of
Attitude and Orbit Control Subsystems of spacecraft.
Based on a prototype TVE developed for ESA, tes
equipment has been developed for Matra Marconi
Space for AOCS subsystem and system level testing
of the XMM and INTEGRAL scientific satellites.
This paper describes the test concept and the
architecture of the XMM test system with its main
features, the incremental development and delivery,
and experiences obtained during development and use
of the system. The described work has also been
performed under ESA contract.
1. INTRODUCTION
Based on experiences with the production and use of
various test systems for the ISO, SAX, SOHO and
other satellites, the National Aerospace Laboratory
NLR in the Netherlands has developed a new
generation of generic Test and Verification Equipment
(TVE) with re-usable hardware and software for
testing of Attitude and Orbit Control Subsystems
(AOCS) of spacecraft [Ref. 1].
The TVE had to be usable from the early stage of the
AOCS development up to the integration of the AOCS
in the spacecraft environment i.e. open loop tests with
a single unit up to closed loop tests with any
combination of real and simulated AOCS units should
be supported.
A prototype TVE was built for ESA/ESTEC to
demonstrate the new approach with re-usable hardware
and software [Ref. 2]. This prototype has recently
been developed into a fullblown AOCS test system
able to meet the requirements for both subsystem and
system level testing of the AOCS of the XMM and
INTEGRAL satellites.
2. TEST CONCEPT
Figure 1 gives a schematic overview of a generic
AOCS for spacecraft. The diagram reflects the cyclic
nature of the AOCS. A complete AOCS, together with
dynamics and environment can be considered as a
loop which is actively closed by the Attitude Control
Computer (ACC).
In the integration and test phase the AOCS subsystem
is gradually built up depending on the schedule of
incoming units. Verification of attitude control modes
and real-time behaviour is done in the early period of
integration using a combination of real and simulated
units.
The test concept described in this paper is based on a
static closed loop test facility (no real motion). The
test configuration is shown in figure 2. The dynamics
and environment simulation is responsible for the
computation of stimuli for the sensor units and the
processing of monitor data from the actuator units.
The stimulated sensors will deliver sensor
measurements to the ACC via the MACS attitude
control databus. In the ACC the received data will be
fed into the attitude control laws, which results in
commanding of the actuator units. The response of the
actuator units is measured with a monitoring device
and routed back to the corresponding dynamics and
environment model. In this way the loop is closed.
The MACS interface has to be programmable to
reflect any combination of real and simulated units. If
real sensor and/or actuator units are not available they
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Fig. 1 Generic attitude contrl system
Fig. 2 Test configuration Fig. 3 Architecture of the Test Equipment
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transverse loading conditions after the brittle surface
layers have failed in an early stage. This concept is
explained more extensive in reference 1.
The concept was shown to work well in quasi-static
tests on square sandwich panels clamped along four
sides (Ref. 2). Moreover, in an experiment on an
assembly of two tensor skin panels and a sine wave
beam (Fig.3), the sandwich panels were shown to
survive the transverse pressure load that simulates the
water pressure, and to transfer this load to the
beamfloor
Loading of the beams by the skin panel
q
membrane
force
vertical reaction
skin
edge
force
water pressure
skinbeam
floor
Figure 1:  Force equilibrium of the bottom skin panel in case of an impact on water.
Figure 3:  Assembly of two tensor skin stips and sine-wave beam loaded with a transverse load [Ref. 2]
substructure, i.e. the sine-wave beam (Ref.2). The
triggering mechanism of the sine wave was initiated
and a crushing process was started, proving the
feasibility of the design concept.
3. Experimental Results
Within the framework of a European BRITE EURAM
project (Ref.3), several partners cooperate to evaluate
and analyse the tensor skin panels. NLR designed and
fabricated several tensor skin panels as well as several
carbon-aramid/epoxy (45/0/45)
dyneema/epoxy (45 or 0)
aramid/epoxy (45/0/45)
Figure 2:  Cross section and lay-up of a tensor skin panel [Ref. 4]
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equivalent conventional honeycomb core sandwich
panels with identical face sheets. The panels were tested
in static transverse in-plane load and shear at NLR,
and by dynamic transverse impact at DLR.
Static Transverse Load Tests
Three static transverse load tests were performed two
of which were already presented in references 2,4. The
panels were clamped along four sides and a blunt inden-
tor was pushed perpendicular to the surface into the
skin. The indentor simulated the water pressure. Results
of these tests are enclosed in table 1. The design
requirement stated that sufficient load should be
transferred from the skin to the substructure to initiate
crushing of the substructure. Based on the first two
tests, it was concluded that only panel 1 was able to
transfer sufficient running load to the sine waves in
the substructure to initiate crushing.
Figure 4 presents the test data of panel 1. In the first
phase of the test the load increases until failure of the
outer and inner faces occurred (first peak load 32kN).
In the second phase unfolding of the PE core takes
place at a reduced load level. After unfolding the core
stretches and membrane stresses build up and finally
the core fails (max. load  171 kN). In panel 2 a limited
capability for shear deformation was present due to
the 0-90 lay-up of the core. Unfolding of the 45 core of
the other panels was accompanied by significant in
plane shearing taking place at low loads, allowing large
out of plane deformation.
Within the new project a new configuration (panel 3)
was fabricated, based on the design of panel 1 but with
only two layers PE/epoxy in 45 degrees orientation
compared to panel 1. By removing one layer from the
core, the weight was reduced. The test showed that
this core layer did not have sufficient load carrying
capacity, it was torn due to the smaller thickness. Based
on these results, it is concluded that the 3-layer
configuration with the 45 degrees orientation is the only
feasible design.
Static Shear Tests
Static shear tests were performed to compare the
stiffness (buckling) and strength behaviour with
respect to the operational loading case. Two con-
figurations were fabricated: a tensor skin with a 3-layer
PE core and a skin panel with a honeycomb core (Ref.6).
Figure 4:  Measured impact force in a 3-layer PE/epoxy
core configuration panel-1[Ref.2]
50 100 150 200
(kN)
(mm)
200
150
100
50
0
171 kN
31.8 kN
panel-1
failure of faces
failure of core
Table 1: Summary of results from static transverse load tests on tensor skin panels
specimen
id.
Panel 1
Panel 2
Panel 3
core of
specimen
3 layers ±45 fabric
3 layers 0/90 fabric
2 layers ±45 fabric
load at 1st peak
(kN)
32
31
35
deformation up to
1st peak (mm)
40
42
43
maximum load
(kN)
171
75
51
deformation up to
2nd peak (mm)
147
140
143
Table 2: Comparison of shear stiffness and masses of tensor and sandwich skin panels
core of
specimen
3 layers 45fa PE
honeycomb
shear modulus
(Gpa)
15.3
16.8
mass
(kg)
1.22
1.07
specific shear modulus
G* (Gpa/kg)
12.5
15.7
maximum load
(N/mm)
144
175
specific length
(N/mm/kg)
118
164
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The panels were tested by NLR in a picture frame test
set-up, by applying quasi-static in-plane shear loads
as indicated in figure 5. The results of the shear tests
are enclosed in table 2. The tensor skin panel was 14%
heavier than the equivalent honeycomb core panel and
both shear stiffness and load carrying capacity were
lower. However, the tensor skin panel had not been
optimised for this operational loading case, and
improvement can be achieved by changing the lay-up
of the faces or by adding an additional layer. The latter
will results in a weight penalty.
Dynamic Impacts
DLR performed three dynamic transverse load tests,
by dropping a hemispherical aluminium impactor on
clamped panels of the tensor skin and honeycomb
configurations (Ref.7). The skin panels were fixed in a
very stiff steel test frame as depicted in figure 6. This
frame was fixed in the centre of the  load-reaction  plat-
form of the drop tower. The hemispherical impact head
with a radius of 150 mm has been fixed to a lightweight
steel frame which is guided on either sides of the drop
tower.  A  piezoelectric  load  cell  was  integrated  in  the
fixture of the impact head to the guided frame. Besides
the loads at the location close to the impact head and
at the load reaction platform the displacement of the
test frame was measured during the test with a sampling
frequency of 200 kHz. In addition to the loads and
displacement signals during the test the exact impact
speed has been measured with a light barrier just before
the impact.
Figure 7 presents the three damage skin panels. The
largest damage can be found in the panel with the
honeycomb core. The honeycomb core panel was
penetrated, while the PE core of the tensor skin
Table 3: Summary of results from dynamic impact tests on skin panels
core of
specimen
2 layers 45 fabric
3 layers 45 fabric
honeycomb
load at 1st peak
(kN)
12.7
17.1
25.9
deformation up to
1st peak (mm)
30.5
40.0
36.9
maximum load
(kN)
17.0
31.7
25.9
total deformation
(mm)
132.3
122.6
>190
applied impact
energy (kJ)
1.6
2.2
2.2
absorbed
energy (J)
1021
1630
1100
displacement
cell left side
displacement
cell right side
4 3
additional
absorber
2
1
load reaction
platformload cell
guided frame
(2 rails)
release
mechanism
impactor
(NLR) load cell
tensor skin (NLR)
frame with feet (NLR)
Figure 6: Test set-up for dynamic tensor skin tests
[Ref. 7]
Figure 5:  Shear test set-up with failed hybrid face of
3-layer tensor skin panel [Ref. 6]
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managed to stop the impactor. The two panels with the
corrugated PE/epoxy core show a similar failure mode.
In both panels the faces broke and the core unfolded.
After the test the core of the 3-layer panel was intact
and of the 2-layer panel was torn. The deformation of
this 2-layer panel was larger than the 3-layer panel and
therefore higher strains were present, resulting in fibre
fracture and failure of the core. In table 3 the results of
the dynamic tests are summarised. The evaluation of
the results shows that the configuration with three
layers of PE in the core gives the best results. Not only
the 1st peak load is reduced compared to the honeycomb
panel, also the maximum energy absorption is combined
with the smallest deformation, and the impact force is
transferred to the surrounding clamping without failure
of the core.
4. Simulations
The University of Patras analysed the failure behaviour
of composite structures using the PAM-CRASH finite
element code (Ref. 8, 9, 10) of which the results are
used in the present paper to compare with the test
results. Failure behaviour of composite components
under compression were simulated as well as tensor
skins subjected to static transverse load, shear loads
and dynamic impact. A similar numerical study was
conducted by the University of Limerick (ref. 11)
Figure 7: Comparison of post test damages of the skin panels [Ref. 7]
2-layer tensor skin panel 3-layer tensor skin panel
honeycomb skin panel
Simulation of Components and static transverse Load
Tests
Specific material models were developed using the test
results of composite components. Examples of the
components are square beams, tensor skin strips and
sine-wave beams. The models were compiled with 4-
node shell elements with anisotropic material behaviour.
The material properties were defined using stiffness,
strength and damage progression data. The load
deflection behaviour was well predicted for these
components and agreement was observed between the
calculated and measured tool forces. It was concluded
that with the developed material models, the ability was
created to model the static shear and dynamic
transverse impact tests.
Simulation of static Shear Tests on Skin
Panels
Both shear tests, which were performed by NLR were
simulated by the University of Patras using PAM-
CRASH. The behaviour of the strains of both the tensor
skin panel and the honeycomb panel are quite similar.
Unfortunately direct comparison of the data is currently
not possible as not all data is recovered yet.
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Figure 8: Calculated deformed shapes of the aramid (left), PE (middle) and carbon/aramid hybrid (right) faces of
the 3-layer tensor skin panel at various time intervals [Ref. 9]
Simulation of dynamic transverse Impact Tests on Skin
Panels
All three dynamic tests, which were performed by DLR,
were simulated. Figure 8 shows the deformation of the
three faces at various time intervals of one of the pan-
els. In table 4, the results of the dynamic analyses are
compared with the results of the experiments. Peak loads
of the first, second and third peaks are presented with
their corresponding displacements. A good agreement
is found between the calculated and measured forces
and displacement for both the tensor skin panels. The
results of the honeycomb panels show  less agreement.
The modelled honeycomb adds too much stiffness to the
sandwich structure. No solution has been found yet.
It  is  concluded  that  the  PAM-CRASH  FE-code has
been successfully applied for the simulation of the
failure process of crashworthiness composite sub-floor
components. The developed composite material damage
models are capable to represent successfully the
degradation of the properties. The failure process of all
the simulated structures was predicted and agreement
is observed between the calculated and measured
forces.
Table 4: Comparison between test and simulation of tensor skin panel under transverse impact load
specimen
id.
3 layers test
sim
2 layers test
sim
honeycomb test
sim
load
(kN)
17.5
15.3
13.0
13.0
25.9
41.5
displacement
(mm)
40
37
30
25
38
5
max. displacement
(mm)
122.6
96
132.3
100
load
(kN)
22.5
17.5
14.5
16.8
displacement
(mm)
88
82
78
50
load
(kN)
31.7
20.5
17.0
16.5
displacement
(mm)
115
92
108
98
1st peak 2nd peak 3rd peak
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5. Recently performed Tests and future
Developments
Recently, two complete box structures including a
tensor skin were tested, one on rigid soil and one on
soft soil. Results of these tests will soon be presented.
Simulations of these structures are currently being
performed by the University of Limerick.
As the results of the dynamic tests of a complete
structure on soft soil are promising, future developments
are aimed at the impact on water of a tensor skin panel
clamped in a frame. Based on these test results, a
modified design might be developed which can be
supported with numerical analyses as these tools are
available now. With these tools a complete substructure
including a tensor skin could be re-designed and finally
an impact test on water of a complete substructure could
be performed as final proof of the concept.
6. Conclusions
The static and dynamic transverse load tests on the
tensor skin panels demonstrated that no weight
reduction could be accomplished by reducing the
number of PE layers in the core compared to the
baseline configuration. A minimum of three PE/epoxy
layers is needed to maintain sufficient strength to trans-
fer the static impact load to the energy absorbing
substructure.
The  shear  test  on  the  skin  panels  demonstrated  a
smaller shear strength and stiffness for the tensor skin
configuration compared to the honeycomb config-
uration. As the panels were not yet designed for shear
strength, improvement might be possible by changing
lay-up or adding an additional layer. The latter results
in an additional weight penalty for the 3-layer tensor
skin configuration.
The dynamic tests on the tensor skin panels showed
much better crashworthiness behaviour than the
honeycomb panels. Most importantly, the tensor skin
is able to transfer the forces that act transversally on
the surface, to the energy absorbing components in
the sub-structure. Not only the peak load at impact is
decreased by using the tensor skin concept, the energy
absorbing capacity of the panel is also larger.
Finally, the developed analysis tools were shown to be
able to predict the failure behaviour of the skin panels.
Therefore in future developments, this analysis tool
can be used in the design of more efficient composite
crashworthy structures.
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